Background Chemotherapy-induced peripheral neuropathy (CIPN) is a troublesome chronic symptom that has no proven pharmacologic treatment. The purpose of this double-blind randomized placebo-controlled trial was to evaluate a novel compounded topical gel for this problem. Methods Patients with CIPN were randomized to baclofen 10 mg, amitriptyline HCL 40 mg, and ketamine 20 mg in a pluronic lecithin organogel (BAK-PLO) versus placebo (PLO) to determine its effect on numbness, tingling, pain, and function. The primary endpoint was the baseline-adjusted sensory subscale of the EORTC QLQ-CIPN20, at 4 weeks. Results Data in 208 patients reveal a trend for improvement that is greater in the BAK-PLO arm over placebo in both the sensory (p=0.053) and motor subscales (p=0.021). The greatest improvements were related to the symptoms of tingling, cramping, and shooting/burning pain in the hands as well as difficulty in holding a pen. There were no undesirable toxicities associated with the BAK-PLO and no evidence of systemic toxicity. Conclusion Topical treatment with BAK-PLO appears to somewhat improve symptoms of CIPN. This topical gel was well tolerated, without evident systemic toxicity. Further research is needed with increased doses to better clarify the clinical role of this treatment in CIPN.
(PLO) to determine its effect on numbness, tingling, pain, and function. The primary endpoint was the baseline-adjusted sensory subscale of the EORTC QLQ-CIPN20, at 4 weeks. Results Data in 208 patients reveal a trend for improvement that is greater in the BAK-PLO arm over placebo in both the sensory (p=0.053) and motor subscales (p=0.021). The greatest improvements were related to the symptoms of tingling, cramping, and shooting/burning pain in the hands as well as difficulty in holding a pen. There were no undesirable toxicities associated with the BAK-PLO and no evidence of systemic toxicity. Conclusion Topical treatment with BAK-PLO appears to somewhat improve symptoms of CIPN. This topical gel was well tolerated, without evident systemic toxicity. Further research is needed with increased doses to better clarify the clinical role of this treatment in CIPN.
Keywords CIPN . Topical gel . BAK-PLO

Background
Chemotherapy-induced peripheral neuropathy (CIPN) is a major dose-limiting side effect of many chemotherapeutic agents including vincristine, paclitaxel, cisplatin, and oxaliplatin [1] [2] [3] [4] [5] [6] [7] . The incidence of CIPN can be variable, ranging from 0% to 70% of patients receiving chemotherapy, but commonly occurs in 30-40% of patients. There are a number of factors that can influence the incidence of CIPN, in particular, patient age, dose intensity, cumulative dose, duration of therapy, administration of other neurotoxic agents, and pre-existing conditions such as diabetes and alcohol abuse [2, 3, [8] [9] [10] [11] [12] [13] . Many symptoms of CIPN may resolve completely for some patients. However, CIPN is only partly reversible in other instances. In the worst instances, it does not appear to be reversible at all and can even increase over time [13] .
CIPN can be extremely painful and/or disabling, causing significant loss of functional abilities and quality of life [14] . Neurotoxic chemotherapeutic agents may cause structural damage to peripheral nerves, resulting in aberrant somatosensory processing of the peripheral and/or central nervous system [7] . This resultant peripheral neuropathy can potentially affect both small fiber axons (temperature and pin prick) and large fiber sensory axons (vibration and proprioception) [14] . A common clinical course begins with tingling or paresthesias and dysesthesias, often located in the toes and fingers. These symptoms can then spread proximally to affect both lower and upper extremities in a characteristic "glove and stocking" distribution [15] . The pain associated with CIPN has not been adequately characterized nor clinically quantified. Sensory perceptions of patients are varied and can include reports of severe pain, shooting pain, burning sensations, numbness, tingling, increased response to painful stimuli, sensitivity to touch, and/or a combination of all of these sensations. It is not currently known whether all of these sensations (such as numbness, tingling, burning pain, allodynia, and hyperalgesia) have similar physiologic characteristics or trajectories. Until more is known, all possible symptom experiences should be evaluated both clinically and in research.
Current management strategies
There is no proven standard treatment to prevent or treat CIPN at this time [13] , although preliminary data suggest that infusions of calcium and magnesium may reduce CIPN related to oxaliplatin, and studies are ongoing to evaluate this treatment for neuropathy related to taxanes [16] . Current prevention strategies mainly consist of chemotherapy dose reduction or lower dose intensities, particularly in those patients who are at higher risk to develop neurotoxic side effects. Patients who develop peripheral neuropathy while actively receiving neurotoxic chemotherapy often receive decreased doses or discontinuation of their chemotherapy treatment all together [6] . This strategy, decreasing chemotherapy dosing or cessation of treatment, can potentially impact tumor response, prognosis and, therefore, overall survival.
Several agents have been evaluated for the treatment of CIPN, mostly on the basis of their ability to impact diabetic or other forms of neuropathy [17] [18] [19] . Adjuvant analgesics, including tricyclic antidepressants and anticonvulsants, are among a few of these. To date, none of these agents, such as nortriptyline [20] , gabapentin [21] , or lamotrigine [22] , have been found effective for treating CIPN in randomized, controlled trials. Other pharmaceutical agents such as amifostine [23] and glutamine [24] are theorized to be helpful, but randomized controlled trials have not yet been completed to evaluate their effectiveness.
Physiology of analgesia and neuropathic pain
One of the limitations in developing effective prevention or treatment strategies for CIPN is the lack of knowledge about the exact pathophysiology and trajectory of the development of CIPN. Strategies to understand the physiology of CIPN have utilized the science for neuropathic pain, which is admittedly only one element of CIPN symptoms. There are several potential physiologic mechanisms theorized [25, 26] . One of these involves the depletion of substance P, a neurotransmitter that affects small diameter sensory afferent nerves. Depleting substance P might be able to quiet the noxious activation of these nerves and decrease pain. There are numerous potential physiologic targets for neuropathic pain that may relate to CIPN. These include modulating voltage-gated sodium channels, inhibiting NMDA, turning on alpha 2-ADRENERGIC receptors and GABA (in particular GABA-B) receptors, and inhibiting histamine, to name only a few [25] [26] [27] . Agents exhibiting one or more of these mechanisms of action are available and can be used either orally or topically [27, 28] .
Since neuropathic pain is complex and several physiologic pathways may be implicated, one approach to treating chemotherapy-induced neuropathy or neuropathic pain would be to employ agents with multiple mechanisms of action for treatment [28] . Combining several pharmacological agents with different mechanisms of action orally, however, could result in intolerable sedation and side effects, due to cumulative effects of analgesics agents. One strategy, to allow multiple agents with different mechanisms of action while minimizing intolerable side effects, is to use a topical approach for analgesia. The use of topical amitriptyline in combination with ketamine for diabetic neuropathy, postsurgical/posttraumatic neuropathic pain with allodynia, hyperalgesia, pinprick hyperesthesia [29] [30] [31] , or postherpetic neuralgia [32] has been described.
Topical agents, that are locally absorbed, have been described in the literature related to pain [29, 33] . Pharmacokinetic data over 96 h in 36 healthy adults found topical 4% amitriptyline and topical 2% ketamine to have systemic concentrations well below that of systemically administered agents [33] . The permeability of a compound is due primarily to the concentration in the vehicle and its ability to cross the stratum corneum of the skin [34] . Therefore, it is theoretically possible that pain medications can be given in combinations to provide complementary mechanisms of action to have efficacy at the local level without the unwanted systemic toxicities. It is also quite possible that topical analgesics can have an impact on a wider range of CIPN symptoms than just neuropathic pain.
This current trial was developed to evaluate three topical analgesic agents for their effect on CIPN. These agents, baclofen, amitriptyline HCL, and ketamine, were chosen specifically because of their unique but complementary mechanisms of action [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Baclofen is a GABA receptor agonist [35, 36] , amitriptyline HCL affects adenosine A receptors [29] [30] [31] and sodium channels and ketamine inhibits NMDA receptors [29] [30] [31] 37] . Therefore, there are three different pathways invoked that may provide additive or synergistic relief of neuropathy symptoms. The triple agent gel was developed by a compounding pharmacist in North Dakota and has been used in clinical practice to relieve symptoms of peripheral neuropathy from various etiologies. Based on published data showing the efficacy of topical amitriptyline and ketamine for neuropathic pain as well as positive outcomes in clinical practice for CIPN with this triple agent gel, a clinical trial was developed to formally evaluate the combination of baclofen, amitriptyline, and ketamine.
The purpose of this study was to conduct a randomized placebo-controlled clinical trial to evaluate a topical baclofen, amitriptyline HCL, and ketamine (BAK) gel to alleviate neuropathic pain, numbness, and/or tingling of CIPN. Secondary goals included the evaluation of function, general pain, and toxicity.
Materials and methods
Eligibility characteristics
Patients who had received, or were currently receiving, neurotoxic chemotherapy and had numbness, tingling, or pain associated with peripheral neuropathy for at least the previous month were eligible for this study. Participants had to rate their numbness/tingling/pain at a level of at least four out of ten on a 0-10 scale where zero was no neuropathy and ten was worst possible neuropathy. Also required was a life expectancy of at least 4 months and a serum creatinine less than 1.5 times the upper limits of normal. Neuropathy had to be limited to the hands and/or feet where the topical gel could be applied. Participants could not have a history of peripheral neuropathy from other causes nor pre-existing allergies to baclofen, amitriptyline, or ketamine. They could not be concurrently treated with any agent with suspected efficacy for neuropathy, such as anticonvulsants or tricyclic antidepressants. Participants must not have had a history of coronary artery disease. Written informed consent for participating in this trial was obtained for each patient, which was monitored by local institutional review boards as required by US federal regulations. Participants were stratified based on current versus only previous neurotoxic chemotherapy exposure, use of opioids or oral pain medication, baseline pain ratings, and whether they had previously tried pharmacologic treatment for their neuropathy. Randomization was done using dynamic allocation to balance marginal distributions of the stratification factors [38] .
Study intervention
Participants were randomized to receive 1.31 g of a compounded gel containing 10 mg of baclofen, 40 mg of amitriptyline HCL, and 20 mg of ketamine versus an identical appearing placebo gel. Instructions were to apply one level spoonful of gel topically to each area of pain, numbness, and/ or tingling, twice a day, in the morning and before bed, for 4 weeks duration. Participants were not allowed to treat more than four areas of pain, numbness, and/or tingling at a single time (i.e., a maximum of four spoonfuls of gel per application). A small subset of participants was asked to have blood drawn at the end of the 4 weeks to measure concentrations of drugs and their metabolites. Drug assignments to individual patients were accessible only by the North Central Treatment Group randomization office, study pharmacists, and the study statisticians. The BAK and placebo gel were compounded at Gateway HealthMart Pharmacy Laboratory in Bismarck, North Dakota. An Investigational New Drug Application was obtained for this trial, and the Food and Drug Administration specified the doses of the agents that were approved to be used in this study. These doses were lower than initially proposed, due to the lack of data on systemic absorption of this triple combination. Potency of the gel was evaluated every 3 months out to 1 year by Eagle Analytical. Full potency was sustained in the gel for each active agent throughout the 1-year period. The study was registered according to current US federal regulations. Funding for this study was provided through the National Cancer Institute's CCOP program.
The primary end point for the study was the changes in the sensory neuropathy subscale as measured by the European Organization for Research and Treatment of Cancer QLQ-CIPN20 (CIPN-20) [39] instrument from baseline to 4 weeks. The CIPN20 is a fairly new 20-item questionnaire evaluating various aspects of CIPN. It has three subscales assessing sensory (nine items), motor (eight items), and autonomic (three items) symptoms and functioning with each item measured on an ordinal 1-4 scale (1, not at all; 4, very much). The sensory subscale contains nine items, which cover the experience of numbness, tingling, and burning/shooting pain in the fingers/hands and the toes/feet (six questions). The remaining three questions ask about problems standing or walking due to difficulty feeling the ground, difficulty distinguishing between hot and cold, and difficulty hearing. The motor subscale asks about function such as being able to hold a pen, open jars, climb stairs, and cramping. The autonomic subscale evaluates erectile dysfunction, dizziness, and vision. Participants completed this questionnaire at baseline, before starting the study gel, and at 4 weeks. The EORTC QLQ-CIPN20 has been used in patients with cancer receiving a variety of chemotherapies and has been shown in pre-testing to have internal consistency reliability based on Cronbach's alpha coefficients of 0.82, 0.73, and 0.76 for the three subscales, respectively [39] .
Other measurement instruments utilized in this trial include the Profile of Mood States (POMS) [3, 40] , the Brief Pain Inventory [41] , and the sensory neuropathy subsection of the NCI Common Terminology Criteria, version 3.0. Single numeric analogue questions [42] [43] [44] regarding the presence of numbness/tingling/pain (all included in one question) as well as various potential side effects, such as drowsiness, dry mouth, dizziness, constipation, nausea, headaches, and skin irritation, were also included. Participants rated the severity of these symptoms on a 0 to 10 scale, with 10 being the most severe. Adverse events were evaluated through the patient-reported questions mentioned above as well as being graded through the NCI Common Terminology Criteria, version 3.0. Toxicities specifically graded during the 4 weeks of the study included rash, constipation, dry mouth, confusion, and depressed level of consciousness.
Statistical analysis
The scoring algorithm for the parent instrument, the EORTC QLQ-C30, was applied for linearly converting items and subscales of CIPN-20 to 0-100 scales so that a high score corresponds to better condition or less symptom. The primary analysis was to compare changes from baseline at 4 weeks for the sensory neuropathy subscale of the CIPN-20. Effect size using Cohen's d was calculated using the mean difference between the arms for the subscale divided by the standard deviation. Supplementary analysis included changes from baseline at 4 weeks for the motor neuropathy and autonomic subscale of the CIPN-20, the POMS, singleitem neuropathy question, and the Brief Pain Inventory. The change from baseline at 4 weeks for the numeric analogue scale and self-report toxicities was also compared between arms. A two-sided two-sample t test or Wilcoxon rank-sum test with an alpha of 0.05 was used for the primary statistical analysis. Wilcoxon rank-sum tests and chi-square tests were used for baseline patient characteristics. Descriptive statistics with 95% confidence intervals based on twosample t test were used for secondary analyses due to their exploratory nature. Sixty-four patients per arm provided 80% power to detect a half standard deviation difference between arms, which is considered a moderate effect size.
Results
Two hundred and eight patients were enrolled into this study from February 22, 2008 to October 23, 2008 by 16 NCCTG institutions. There were five patients who withdrew from the study before starting study medication, leaving 101 patients in the BAK arm and 102 patients in the placebo arm. Baseline characteristics of the study population are listed in Tables 1 and 2 , while the flow of participants is illustrated in the CONSORT diagram in Fig. 1 . There were 26 participants in the BAK arm and 27 in the placebo arm who did not provide primary endpoint data. In the BAK arm, 11 refused due to experiencing an adverse event and 15 refused for nonspecified reasons. In the placebo arm, eight refused due to an adverse event, one patient died, and 18 refused for nonspecified reasons.
The primary analysis of the changes from baseline at 4 weeks for the sensory neuropathy subscale showed a trend in favor of the active arm, with the mean and SD of 8.1 (15.05) for the BAK arm and 3.8 (15.52) for the placebo arm, with an effect size of about 0.28 for the active arm over placebo (p= 0.053). For the motor neuropathy subscale, the mean change from baseline and SD were 7.1 (13.72) for BAK arm and 1.8 (14.05) for placebo arm, for an effect size of about 0.38 over placebo (p=0.021). The change in the autonomic subscale 3  5  3  5  Oxaliplatin  31  33  12  13  Cisplatin  13  21  4  2  Taxanes  40  41  12  5  Thalidomide  3  2  0  0  Other  7  3  2  5   Table 2 Exposure to neurotoxic agents at baseline (participants may have been exposed to more than one agent)
was not significantly different between the two study arms. These data are shown in Table 3 . Further exploratory analyses were done looking at individual items of the sensory and motor neuropathy subscales, looking at the changes from baseline. In terms of the original 1-4 scale (Figs. 2 and 3 ), there were three areas that were improved with the BAK treatment without adjusting for multiple comparisons. These were tingling in fingers/hands, shooting or burning pain in fingers/hands, and the ability to hold a pen. Trends of improvement from BAK treatment were seen for several other items. In general, the benefits of therapy tended to be more impressive in the upper extremities, as opposed to the lower extremities.
The sensory neuropathy change from baseline measured by the CTCAE was evaluated via two different ways due to the ordinal nature of toxicity data. Assuming equal intervals between grades, we have observed a marginally significant difference between the treatment and placebo arms (p=0.054). However, when we collapsed the change from baseline as positive change, no change, and negative change, analyzing as an ordinal scale (which is likely a more valid assumption), there was no significant differences between arms (p= 0.195). The single-item neuropathy question mean change from baseline at 4 weeks in the BAK arm was 11.2 (SD, 20.53) and 6.3 (SD, 23.60) in the placebo arm. Neither the Brief Pain Inventory nor the POMS were significantly different between the two study arms.
No significant differences in toxicities were observed between the BAK arm and the placebo throughout the 4 weeks of the study. These data are shown in Table 4 for the CTC graded toxicities and Table 5 for the self-report side effects.
Blood was drawn during the double-blind phase on a small subset of participants (N=8) to evaluate systemic absorption. None of the four people taking placebo had detectable levels of any of the components of BAK. Of the four participants on active drug, two had undetectable levels of all three agents, one had barely detectable levels of amitriptyline that were not near therapeutic levels but no detectable ketamine or baclofen, and one had low therapeutic levels of baclofen but undetectable levels of amitriptyline and ketamine.
Discussion
This study demonstrated that BAK gel resulted in a trend toward more improvement in sensory neuropathy and a statistically significant improvement in motor neuropathy as measured by the EORTC QLQ-CIPN20. Though there were Table 3 EORTC QLQ-CIPN20 mean change from baseline; range, 0-100, higher numbers are better some statistically significant outcomes, the overall effect size was not large. While these results provide some support for the pre-study hypothesis that the BAK gel can decrease CIPN, the data from it fall short of convincingly proving this hypothesis.
There are a couple reasons that might explain why a more potent effect was not observed and why further study is needed. This study was developed based on the clinical experience of compounding pharmacists in North Dakota. Initially, based on clinical experience, the study proposed using 60 mg of amitriptyline HCl, 30 mg of ketamine, and 30 mg of baclofen. Due to insufficient data supporting the lack of systemic absorption, the Food and Drug Administration required the use of lower doses in this trial, which resulted in the dosing described in this manuscript. This lower dose may explain why more benefit was not seen.
A similar dose-effect issue may explain why the hands seemed to derive more benefit than the feet. Since one level spoonful was instructed to be applied to each area of neuropathy, it is possible that the feet were relatively underdosed based on surface area. In addition, it could be argued that the hands would likely have received a higher dose than the feet as the hands would have been used to rub the gel onto the feet, but not vice versa. Since separate questions for hands and feet are included in the sensory subscale, the under-dosing related to the feet could have impacted the effect size.
In addition, this group of agents was compounded in a pluronic lecithin organogel (PLO) gel, which was thought to be the best medium for topically absorbed agents. There were reports from the institutions participating in this trial that patients had difficulty working with the PLO gel and getting it to absorb into their skin. Therefore, future studies may wish to consider using a different liposomal transdermal base, such as Lipoderm, which may be easier for participants to rub into their skin.
It was not surprising that the autonomic subscale of the CIPN-20 measure was not positively impacted with the BAK treatment. The three items that comprise this subscale relate to systemic neuropathy troubles: erection (for males), dizziness, and vision. First, patients on this trial were only required to have neuropathy in their extremities. Therefore, it is likely that participants in this trial were not having difficulties in these areas. In addition, this supports that the study drugs were not systemically absorbed to any significant degree. It is noteworthy that positive results on the Brief Pain Inventory similar to those for shooting/burning pain were not achieved. This is likely because the Brief Pain Inventory does not include language specific to neuropathic pain, while the CIPN20 uses the term "shooting/burning pain." About 25% of the participants in each arm did not provide data that enabled computation of the primary endpoint. As participants could be eligible for this study with advanced disease, going in and out of treatment, and experiencing any number of health problems, this percentage of non-evaluable patients is consistent with this situation.
As there are no other known effective treatments for the relief of established neuropathy symptoms from chemotherapy, the signal of potential benefit provided by these data warrant further study of this combination of topical baclofen, amitriptyline, and ketamine, specifically evaluating a higher dose of the agents in a more user-friendly compounding base.
